Abstract: Two UV-curable polymers, i.e., a star-shaped poly(ethylene glycol) (PEG) and a linear perfluorinated polyether (PFPE), are investigated as novel biomaterials in a systematic study of the cellular responses to surface chemistry, topography, and elasticity. Based on the wettability it was expected that the two novel biomaterials were too hydrophilic or -phobic, respectively, to support cell adhesion. Indeed, no cell adhesion was observed on the smooth, unstructured elastomers, whereas the materials showed no cytotoxicity. However, when the materials bear defined, topographic patterns (prepared by UV-based imprinting), cells do react strongly to the surfaces; they adhere, spread, and change their shape depending on the geometry of the features. Typically, cells were found to align along line patterns and "float" on pillar structures. It should be noted that the chemistry of the surface is not altered by the imprinting process, hence, there are no biofunctional molecules present at the surface to aid the cell adhesion. Finally, a remarkable effect of elasticity on the cellular behavior was discovered. Thus, the three parameters of chemistry, topography, and elasticity were investigated in-and interdependently, and it was found that the biomaterials may lose their resistance to protein adsorption and cell adhesion depending on the surface topography.
INTRODUCTION
Over the last decades, a vast amount of research has been dedicated to the development of novel materials for biomedical applications such as tissue engineering, proteomics, prosthetics, and regenerative medicine. Correspondingly, much is known about the processes that take place when biomaterials are brought into contact with biological fluids (e.g., blood, urine, or saliva). It is established that upon the first contact, proteins from the medium adsorb to the foreign interface [1] . This initial process of protein adsorption may be very unspecific, however, it determines the follow-up events such as cell adhesion and (in)growth [2] . The spontaneous adsorption processes are not always desired (e.g., protein adsorption on contact lenses or cell growth on implants) since they can lead to unwanted cascade reactions, such as inflammation [3] . Furthermore, in the development of biosensors, selectivity and sensitivity are severely hampered by unspecific protein adsorption. Therefore, a lot of research has focused on the development of inert, protein-resistant materials and coatings [4] . Only when the nonspecific protein adsorption and cell adhesion are effectively suppressed, one can introduce binding sites for specific biointeraction in a controlled way.
Protein adsorption and cell adhesion to surfaces depend on a variety of interdependent factors of which the chemical, physical, and mechanical properties of the surface are most accessible to investigate systematically. Thus, numerous studies have been carried out in which the chemical properties (e.g., hydrophobicity) were systematically varied, and a certain optimal wettability has been discovered [5, 6] . At the same time, many researchers have dedicated their efforts to elucidate the effect of topography, i.e., the micro-or nanosized surface structure on cell adhesion [7] [8] [9] [10] [11] [12] [13] . For instance, cells were observed to align and elongate on micrometer grooved surfaces, an effect denoted "contact guidance" [14] [15] [16] [17] [18] . Finally, recent studies have revealed that cells "sense" the substrate's stiffness and tend to prefer stiffer substrates onto which they can exert traction forces upon adhesion and migration [19] [20] [21] [22] [23] [24] [25] . It should be noted that the choice of cell type is also important, since different cell types may respond very differently to similar surfaces.
Although a lot of research has been undertaken to study systematically the effects of chemistry, topography, and elasticity of the surface [26] [27] [28] [29] [30] , similar investigations, for instance, concerning cellular responses on topographic patterns, too often yield contradictory results. The reason for this could be that the three aforementioned parameters cannot be considered independently; a topographically structured surface may not have the same wettability as a smooth surface of the same material. Besides, each material with a defined surface chemistry still has a certain inherent roughness (i.e., nanotopography) to which cells may respond. At last, results obtained from cell studies on defined topographic patterns on hard (e.g., metallic) surfaces cannot be extrapolated to soft materials (e.g., elastomers or gels) even if the surface chemistry is comparable. It is, therefore, of great interest to take the three interdependent effects (i.e., chemistry, topography, and elasticity) into consideration simultaneously, and the first results are presented here.
EXPERIMENTAL PROCEDURES

Synthesis and materials
All chemicals were purchased from Aldrich and used as received, unless stated otherwise. Solvents were at least analytical-grade quality. The silicon masters used in these studies were purchased from Amo GmbH (Aachen).
The synthesis of the acrylate-functionalized star poly(ethylene glycol) (PEG) was performed according to the following procedure [31] . Prior to the end-capping reaction, the hydroxyl-terminated star PEG (Dow Chemical) was precipitated in cold diethyl ether (-80°C) and dried thoroughly during 4 h at 10 -2 mbar at 80°C oil bath temperature. Under a nitrogen atmosphere, 0.4 g (1.3 equiv) of acrylic anhydride was slowly added to a mixture of 5.0 g of the star PEG prepolymer and 0.3 ml (1.5 equiv) of water-free pyridine in 15 ml of toluene. The resulting mixture was stirred for 24 h at room temperature. After removal of the solvent and pyridine, the crude product was dried at room temperature during 8 h at 10 -2 mbar. Unreacted acrylic anhydride was separated from the product by precipitation in diethyl ether at -80°C (stirring at maximum speed), leaving the product as a colorless oil. The purified product was dried at room temperature during 8 h at 10 -3 mbar. The purity of the product was verified by matrix-assisted laser desorption ionization-time-of-flight (MALDI-TOF), 1 H-NMR, and 13 C-NMR (600 MHz), and gel permeation chromatography (GPC) (tetrahydrofuran, THF). The results confirmed that all six end-groups were acrylated.
The functionalization of perfluorinated polyether (PFPE) diol (Solvay Solexis; Mn ~ 1900 g/mol) with acrylate end-groups was performed according to a procedure adopted from literature and described [31] . Typically, 0.86 ml (6 mmol) of 2-isocyanatoethyl methacrylate and 50 ml of dibutyltin diacetate (DBTDA) as a catalyst were added to a solution of 5.7 g (3 mmol) of PFPE diol in 2 ml of 1,1,2-trifluor-1,2,2-trichlorethan (Freon 113). The reaction mixture was stirred during 24 h at 50 °C, after which M. C. LENSEN et al.
the solvent was removed. The crude product was purified by multiple precipitations in petrol ether or hexane. The purity of the product, PFPE dimethyl acetamide (DMA) was verified by NMR.
UV-curing
UV-based imprinting was performed as follows [31] . Typically, 1 g of PFPE DMA was dissolved in 0.5 ml of Freon together with 10 mg (1 wt %) of the photoinitiator benzoin methyl ether. After homogenization, the solvent was evaporated under a mild stream of nitrogen. The viscous prepolymer mixture was drop-cast on a master substrate in a nitrogen-filled glovebox, where the UV-curing was carried out under a UV-lamp (λ = 366 nm) positioned about 8 cm above the sample. After curing, the elastomeric replica was mechanically peeled off (with tweezers). The UV-based imprinting of acrylate star PEG was carried out in analogy to the procedure described for PFPE DMA. In this case, acetone was used as a solvent for the star PEG precursor. Typically, 200 µl of the star PEG was mixed with an acetone solution of the photoinitiator benzoin methyl ether (1 wt %) and pentaerythritol triacrylate (PETA) as a cross-linking agent (5 wt %). For PEG material with variable elasticities, various concentrations of photoinitiator (0.5-1.5 wt %) and cross-linker (0-15 wt %) were used. After thorough mixing and subsequent evaporation of the solvent, the photocurable mixture was drop-cast on a patterned master. The UV-curing was carried out under ambient conditions until complete polymerization. The replica was peeled off mechanically (with tweezers).
Contact angle measurements
Static water contact angle measurements were carried out according to the sessile drop technique except for the PEG material, using a Krüss G2 goniometer. Droplets (5 µl) of deionized water were placed on the surface-air side of the samples at ambient conditions. On every sample, at least eight measurements were performed and the values were averaged. The contact angle of the PEG material was derived from captive bubble measurements, using a Krüss G-23 goniometer microscope. To static contact angle of the air bubble at the interface of PEG with water was determined by taking the average value of the visually observed left and right contact angles. Six measurements were carried out during 3 h at different spots on the sample, and the goniometrically determined values were averaged. Advancing and receding contact angles were measured by the Wilhelmy plate method. Rectangular sample slides (~1 × 2 cm 2 ) were dipped 6 mm deep in deionized water at room temperature. On every sample, at least three measurements were performed.
Surface energy
The surface free energy was detected by sessile drop method on Krüss G2 goniometer. At least two of three solutions (ethylene glycol, diiodmethane, deionized water) were used. For analysis, the method after Owens-Wendt-Rabel and Kaelble was selected. All chemicals were purchased from Aldrich and used as received, unless stated otherwise. Solvents were at least analytical-grade quality. The silicon masters used in these studies were purchased from Amo GmbH (Aachen).
times with sterile water and phosphate buffered saline (PBS) (PAA), respectively before adding the cell solution.
Cell adhesion and spreading was monitored at different cultivation times (1 h to 5 d) by light microscopy on an Axiovert 100A Imaging microscope (Carl Zeiss AG), an optical reflection microscope equipped with a differential interference contrast (DIC) module. Pictures were taken using an AxioCam MRc digital camera and analyzed using the AxioVison 40 V4.6.1.0 software package (Carl Zeiss AG). Viability staining (Live/Dead Staining kit, Invitrogen) and F-Actin staining with AlexaFluor 568 phalloidin (Mol. Probes) were carried out according to protocol.
For the scanning electron microscopy studies, the cells were rinsed three times with PBS and fixed with 2 % paraformaldehyde for at least 1 h, followed by dehydration through an ethanol series. Specimens were observed by a field emission scanning electron microscope (S-4800, Hitachi) using an accelerating voltage of 1.0 kV and a working distance of 8 mm.
RESULTS AND DISCUSSION
In order to elucidate the roles of different parameters separately and in combination, we use materials which chemical, topographic, and mechanical properties can be tuned. We have chosen UV-curable prepolymers with desired chemical properties to form surfaces that are either smooth or that bear a defined topography and which mechanical properties can be tuned by varying the cross-linking density [25, 30, 32] .
Cell adhesion as a function of wettability
Chemical properties of the biomaterials
From several systematic studies of the dependence of cell adhesion on the wettability of the substrate consensus, an optimum in cell adhesion vs. wettability has been reached; cells (e.g., fibroblasts) do not like to adhere on too hydrophilic or -phobic surfaces. Not surprisingly, tissue culture polystyrene (TCPS) has an optimum, intermediate wettability while hydrogels (e.g. PEG) are very hydrophilic and known for their cell-repellent properties [4, [33] [34] [35] . Figure 1 depicts the relation between cell adhesion and surface chemistry (based on literature reports) [6] , showing that the maximal adherence of cells (fibroblasts) occurs on surfaces with an intermediate wettability, i.e., with a water contact angle of roughly between 55 and 85º. [6] and exemplified by our own findings) and depiction of the water contact angles on the materials investigated in the present study.
We have investigated five biomaterials with wettabilities that cover the whole spectrum; from hydrophilic (i.e., PEG-based hydrogels) via intermediate wettability, i.e., TCPS and a fluoropolymer poly(vinylidene fluoride) (PVDF) to hydrophobic materials such as PFPE and poly(dimethyl siloxane) (PDMS).
The chemical structures of the novel materials PFPE DMA and acrylate star PEG are given in Scheme 1, and the water contact angles are listed in Table 1 , together with values measured for the three conventional materials TCPS, PVDF, and PDMS. It is interesting to note that some materials display contact angle hysteresis, that is, the advancing and receding contact angles differ significantly. We have determined the contact angle hysteresis for the different materials and conclude that notably the PFPE material has a significant hysteresis of 68º, as measured by the Wilhelmy plate method. On a more explanatory note, this implies that the PFPE material might reorganize its surface when under water [36] , which is obviously of critical importance when studying the material in cell culture conditions (i.e., in aqueous medium). Also the hydrogel material is prone to changes when immersed in water; the water-insoluble network can take up large quantities of water and swell in the process. It is believed that this hydrated state makes hydrogels especially repellent to proteins [37] [38] [39] [40] . Since the water contact angle could not be measured easily on this material because of the high wettability and the swelling that occurs upon contact with water, we performed contact angle measurements according to the captive bubble method, see Table 1 . The value of ~43º corresponds to values reported in literature for coatings based on similar star PEG polymers [41] .
Finally it should be noted that on topographically structured surfaces, the water contact angle (as measured in air) is higher than on smooth surfaces of the same material, due to the so-called Lotus effect. This effect was also observed by us.
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Scheme 1
Cell adhesion on the biomaterials Our cell culture experiments show the following trend. As expected, the cells (fibroblasts) adhere to TCPS very shortly (within half an hour) after seeding and they spread, grow, and proliferate in a matter of (up to 24) hours (Fig. 2b) . On PVDF, the cells also adhere and spread, but in a very different time frame. The flattening and spreading of the cells becomes visible only after a day (~19-22 h), see Fig. 2c (image taken after 2 days). On the two novel biomaterials (i.e., the PEG-based hydrogel and the PFPE elastomer), the cells that are visible on the surfaces are not adhered and do not spread, not even after 5 days (the images in Figs. 2a and 2d , respectively are taken after 2 days). Cell viability tests were performed and indicated that the two novel biomaterials were not cytotoxic (which was also expected based on literature results) [42] [43] [44] . Thus, it was observed that the two novel biomaterials do not support cell adhesion and growth, and this is tentatively attributed to the wettability properties, that is, the PEG material is too hydrophilic and the PFPE material is too hydrophobic for successful cell adhesion.
It is important to note that cell adhesion is not a stand-alone phenomenon and we must take into account that the cell adhesion process is preceded by protein adsorption. It has been speculated in the literature that the initially adsorbed proteins may be exchanged for others with time, and this aspect might be of unrecognized importance. The wettability of a surface is a good indicator of which proteins are preferentially adsorbed, i.e., those useful or not for cell adhesion, e.g., fibronectin or albumin, respectively [45] [46] [47] . The hydrophobicity or -philicity also determines whether the proteins will adsorb in their native conformation or are prone to undergo conformational changes. Nevertheless, with time the initially bound proteins may be exchanged by other proteins [1] , unless, of course, the initially adsorbed protein (e.g., albumin) is irreversibly bound [48] . The hypothesis that in response to the biomaterial, the cell produces extracellular matrix (ECM) proteins [49] that are useful for binding and that possibly exchange the less useful proteins on the surface is very interesting, and we are currently investigating this question by means of various, time-dependent, antibody-staining experiments.
very pronounced manner to the microsized topographic patterns. Whereas the cells did not adhere and did not spread at all on the smooth surfaces of PEG and PFPE, on surface-structured samples the cells do adhere and adopt distinctive morphologies (Fig. 3) .
In short, on micrometer grooves, the cells tend to align along the ridges as was expected based on literature reports concerning contact guidance. On micrometer posts, the cells either adhere to the sides of the posts when they are bigger than the cellular dimensions or they grab a manifold (typically 4-6) of posts on which they kind of "float" [50] . The adhesion and spreading of the cells on the structured surfaces indicate that either the amount and/or orientation of the (initial) protein adsorption is different on the topographically structured samples than on the smooth ones [51] , which in the case of the hydrogel could be attributed to an increase in hydrophobicity [52, 53] or that the cells respond to the topographic features themselves [54, 55] . In the latter case, it was reasoned that the flexibility of cell's cytoskeleton depends on the rigidity of (bundles of) F-actin and their adaptation to the surface's topography determines the alignment of the cells [10] . We are currently investigating the cellular responses, at different time intervals, on topographic patterns with different geometries.
Influence of mechanical properties on cellular responses
Finally, we have started to investigate the effect of the substrate's elasticity on the cellular behavior. Our preliminary results revealed that on topographic patterns with identical geometry of the features (i.e., 5 µm lines spaced 5 µm) but with a different elasticity of the PEG material (elastic modulus E~0.15 or 2.6 MPa, respectively), cells either sat in the grooves or aligned along the tops of the ridges, respectively (details will be published elsewhere). In the latter case, namely, on stiffer PEG hydrogels (Fig. 3a) , the behavior of the cells is comparable to that on the PFPE material (Fig. 3b) , which is also relatively stiff (E~4 MPa). We intend to vary the cross-linking density of the PFPE material as well in order to make further comparisons between the two materials and to elucidate if the substrate's stiffness is really such an important parameter. tured materials do not support cell adhesion (let alone spreading and growth), and this was tentatively attributed to the wettability; the PEG material is too hydrophilic and the PFPE elastomer is too hydrophobic. A drastic effect, however, was observed when the material was shaped against a mold during the UV-curing (cross-linking) of the prepolymers to result in a defined surface topography. On both materials, micrometer-sized surface structures elicited strong cellular responses: the cells adhered and changed their shape depending on the geometry of the features. Typically, the cells elongated along the rims of a line pattern, while they "floated" on top of a surface with pillars. It should be noted that the chemistry of the substrate is not altered by the imprinting process; smooth and topographically structured surfaces possess the same chemistry.
